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THBUSBOPAKnsBKSEOUOdfOKXBcmDasasnovcl therapeu- 
tic «gents has attracted attentkm over the last decade, A 
number of human ciinkal trials are underway using antisense 
oU^udeoddcs to treat infectious diseases^ tumors, or im- 
munologic disofdcn (reviewed in Akhtar and Agrawal, 1997). 
During the last few years, coosiderabtc advances have been 
made in UDderatinding the issues regaiding the mechanism of 
action, in vivo pharmacokinetics, metabolism, side efifccts, and 
toxicities of antitcntc olig:onucleocktes (Agrawal, 1996). These 
advances have ciubled the design of new generations of anti- 
sense oligonucleotides. In diis shoit report we e vaJ uate the tox • 
icities of pbosphocochioate oligonucleocides (PS-oligos), the 
first generatioD of antisense oligonucleotides, explore the ratio- 
nale for drsigning mixed backbone oligonucleotides (MBO). 
the second generation of oligotuicteotides, and conipare their 
toxicities following systemic administration in mice. 



PHOSPHOROTHIOATB OUGONUCLEOTIDES 
AS FIRST-GENERATION OUGONUCLEOTIDES 

Pboqjhodiester oligonucleotides (PO-oligo) were initially 
studied, eq>edaUy in cell-free systems and in vitro cell cultures. 
PO-oUgos are not stable against nucleases and axe, tfaerefoce, of 
limited use for in vivo applications. PS-oligos, in which one of 
the noobr i dged oxygen atooos of the intemudeotide linkage 
was replaced with a sulfur atom, were then developed to allevi- 
ate this problem. This modification provides PS-oligos with 
better stalnlity against nucleases than POoligos. However, it 
also makes the backbone diastereomeric, and consequendy, PS- 
oUgos have lower binding affinities to their target mRNA se- 
qtietKes. The tiKMlification of PS-oligo also confers other prop- 
erty changes as well, as will be discussed here. 

PS-oligos have been studied extensively in a numbers of dis- 
ease models. both in vitro and in vivo (Akhtar arKl Agrawal. 
1997; Bennett, 1998). In many of diese studies, PS-oligos have 
shovm procnising results, as evidenced by sequence-dependent 
antisense activities. There are some studies, however, in which 
PS-6ligos have shown sequence-independent activities (e.g., 
Jansen et aL, 1995), side effects, or toxicities (Sanniento et al., 
1994; Agnwal et at, 1997a; Henry et al., 1997b; reviewed in 
Agrawal, 1996). T Xtcity studies in mice and rats show throm- 
bocytopenia, elevation of hepatic transaminases, hyperplasia. 



aikd infiltration of reticuloeiulothelial cells of various tissues 
(Sarmiento et aL, 1994; Agrawal et al., 1997a; Henry et aL, 
1997b). The general toxicity profile after administration of PS* 
oligos of varying length or base composition or both is similar, 
but the severity of toxicity is quite different, suggesting dtat 
toxicity may be sequence dependent In monkeys, cotn{4eiiiieni 
activation and prolonged partial thromboplastin time (aPTT) 
have been observed following PS-oligo administration. These 
phenooMa are not sequence dependent, suggesting that they 
may be due lo the polyanionic nature of PS-oligos (Gatbraitfa et 
al., 1994; Henry et aL, 1997a; Shaw et al., 1997). 

It has been shown that PS-oligos with certain sequences and 
structure motifi have immune stimulatory effects (reviewed in 
Hsetsky, 1996), Distinct patterns and kinedcs of cytokine (IL- 
6. 11^12), chemokine (MIP-t/3. MCP-I). and immunoglobulin 
product io n have beeii observed following in vivo administradon 
of certain PS-oligos in mice (Zhao et aL, 1997). Some cytokines 
(eg., IU6 sod IL-12) can cause throrobocytojpenia and eleva- 
tion of hepatic transaminases in anirnals (Le and Vilcdc, 1989). 
It is possiUe that the toxicity induced by PS-oligos is secondary 
to cytokirie secietiod. Of note, some cytokines (eg., IL-12) and 
chemokines (eg., KfiP-l^ have shown antitumor or ar^vtral 
activides (Biroo. 1994; Lasso et aL, 1996). Thus, if a PS-oUgo 
being studied as an andscnse molecule for its antiviral or antitu* 
mor effects also has imnntne stimulatory effects, the impact of 
immime stimulatioa p roper ti es on its antitumor or antivtral ef- 
fects needs to be caii^fuUy evaluated. 



CONSIDERATIONS FOR SECOND- 
GENERATION OUGONUCLEOTIDES 

The usefiiliKats of antisense oligonucleotides as therapeutic 
agents depends on many properties. Frdoi the studies carried 
out to date, it seems that the ideal oUgonudeodde should (I) 
have specific and strong affinity for the target mRNA (2) be 
stable against nucleases, (3) be taken up by target cells in suffi- 
cient amounts, and (4) not be toxic following in vivo adminis- 
tratioa Oligonudebtide-irklucbd toxicity is one of the most im- 
portant parameters in considering the therapeutic potential of an 
antisense oligonucleotide. If a given antisense oligonucleotide 
shows toxicity following in vivo administration, its therapeutic 
window will be narrow, and its therapeudc usefulness may be 
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limited. Wc have evalualed issues underlying the toxicity of 
PS-oligos «ad exptofcd the possibility of how to minimize the 
toxicity with a new gcocntkm of oUgonudcocides while main- 
taining their biologic activities. 



MBO AS SECOND GENERATION OF 
OUGONUCLEOTIDES 

MBOs contain aegmeoti of PS-oltgos and appropriately 
placed s^meois of modified oligodeoxynucleoddes or oUgori- 
boDucleoddes. The purpose of designing MBOs is to take ad- 
vantage of the opdmal properties of both the PSoligo (e.g.« 
RNase H activatioa) and die inodifiod oligodeoxynucIeoCide 
(cg^ methyl phfwphon a tr anak^ provide good nuclease resis- 
tance and oonknic oatine) or oligoribooudeotide (e.g., 2'^- 
medtyloUgoribooucIeotide pho^horothioate linkages provide 



good duplex stability and nuclease resistance). In MBOs« the 
choice of oligonucleotide modification and its placement in die 
oligomicleotide are cnictal (Agrawal* 1996; Agrawal et al., 
1997b). In diis study, we used endHHodified MBOs in which 
the segments of 2'-0-methylribonucteoaides are placed at both 
the 3'-end and die 5'-end and the central r^on is PS-oligo. 



OLIGONUCLEOTIDE DIRECTED TO RIa 
SUBUNTT OF PROTEIN iONASE A (PKA) 

Wc studied the tdxictdes of two PS-oUgds« oligo 1 (5'-C00 
CTC TTC CTC ACT GOT-30 *«1 2 (5'-GC0 TOG CTC 
CrC ACT GGC-3'). which are oooqplejmdntary to protein Id- 
naae A (PKA) reguUtoiy subomt RIa (8-13 codoos) of mouse 
and human mRNA, req)ectiVely (Nestm^ sod Cbo-Qtnog, 
195; ClioOiung, 1997). Oligo 1 and oligo 2 share 100% ho- 
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FIG. 1, The effects of oUgooudeocides oo bcnutologic and dtaical chcpustry pan u n tlei i aller 7 days of tnfnveooitt •dmioiitntioa. Oligoau- 
cMn O et wcte ly n t hfri god using ttmiarA pfaocphocMnidtte chemistry and puriAed by levcned phase APIXL The identity of die oUgoaudeotides 
was cfacidGed by capUiary gd efactrophoffcsis. The parity of the otigomictootidet was 99%, with dw peioeatage of the parent leogifa greater diaa 
90%. OUgooodootides (oligo liS'-OCXJ CICTTCCIC ACTCOT-3\ oligoi y^KXJTOCCTCCrC ACTCXX:*3% and oligo 3: 3'-CCGUGC- 
CrCCTCACUGGC-3'; aequcnocs in bold lefen to 2''0-fnedtylribooudeoddcs) were dixsoNvd in ttctile water afMl adniiaislered tmnvcoously lo 
male CD-I mioe (six per gn)up)at cidicr 10 or 30 mg^ dally for? days. An equal voiumeof stedle water was administered in die tame maoRcr to 
cbhtrol mice. Mice were kUlodoQ day 8. and pcnphcrai blood was harv^^ H-l~auU>. 
niatiDd Heioatology Analyzer, and serum ALT and AST Icveb were roeasined using a Rod>c Cobas Fva Cbemistiy Analyzer. Resutu were com- 
pared between groups by a one-way ANOVAust, and the mean ^ SD of six mUxforcadigriwpaieprtScntedL p <Q.OS."p<O.OI. 
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FIG. 2. The efflecia nf aligrihnrtwiriiif on Kematnlopc and clinical pmnigte« foHnwing 7 day nf <«fBMMt maftea «# »^ml<ri«frffViTv Qljyyn- 

cleockle (oUgo 5) wts dtsadlved la ttcdte w«ter «ad adminissctod iocnveooutly (LV.). sttbcntaodosty (S.C). or ii rir ye riib tteaUy (LP.) lo mtle CD- 
I inioe (supergroup) at 10 or 30 inij|/kg daily for 7 days. 

clinical cfaemiscry paramctieis wete measufed in ifae same manner as described for Figure U 
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inology of 10 oudeoCides: TCC TCA CTO GT. The toxicity 
studies wete cmnied out in male CD-I mice after 7 days of daily 
tntravefXMis administntion of the PS^igos at 10 or 30 mg/lcg. 
In general, no abnonnal ciinical sighs were obsierved after 
otigoniicleotide adihinistratioa Adnuoistratioa of 10 or 30 
mgAcg of oligo 1 resulted in a reduction in mean platelet ooants 
of 18% and 31% (p < 0.01), respectively, cocnpared with the 
oootrol mice. Mean senmi alanine aminotransferase (ALT) ukI 
senim aspartate aminotransferase (AST) levels in mice that re- 
ceived 30 mg/kg of oligo 1 were 15% and S3%. respectively, 
greater than those of die cootrolgrckip (Fig. 1). Absolute spleen 
weights in mice that received 10 ot 30 tag/kg iAi^ 1 were 19% 
aiid 59% higher dian control values (daU not shown). 

The toxicities observed in mice that received oligo 2 were 
generally more severe than in nuce that leceived oligo 1. The 
mean platelet counts in riiice that received 10 or 30 mgA^g of 
digo 2 were 29% (p < 0i)l) and 82% (p < 0.01X respcxtively. 
less than those of the oootrol group. Mice that received 30 
ihg/lcg of oligo 2 had mean ALT aind AST levels 222% <p < 
0.01) and 134% (p < 0.0\\ respectively, higher dian those of 
the control group. Absolute qrfeen weights in inioe that re- 
ceived 10 or 30 mg/kg of oligo 2 were 33% and 87%, respec- 
tively, higher than the control values (data ziot shown). These 
differcooes in the severity of the tosucity profile further support 
the hypothesis that oligooucleotide-iiaduced toxicity is primar- 
ily related to the se<iuertoe of tbc otigooudeotides rather than 
the length (both oligos are of 18-mer) or the tarjget gene. Of 
note, although oligo 1 targets inousePKAsubuiiitRl otitis un- 
lil^y that the toxicity observibd here is due to dowhregidation 
of the target geiie under the experiinenta] conditions. 

Our goal is to develop oligo 2 as an anticancer agent. Previ- 
ous studies have shown that oligo 2 can downregulate the RIor 
subunit of PKA and inhibit d>e grorwth of tuooor (LS*174T hu- 
man ookm carcinoma) in a tumor-bearing nude mouse model 
(Hesteiova and Cho-C3itmg, 1995). The toxicity pn^e ob- 
served here suggests that oligo 2 shows toxicity in mice and 
inay indicate a liartaw therapeutic wtii^^ 
toxicity of PS-oUgds in mice sod tats using sieiqueoces of vary- 
ing length and bate rompositioo^ we found a strong oonelaition 
between loxicity and the immune stimulatory effects of the 
oligonudeotides (Agrawal et al., 1997). A CG dinudeotide 
with an optimal flanking sequence has been found to be dosely 
associated with the iimnune stintulatory effects of oligonu- 
cleotides (Krieg et al.« 1995). Appropriate naodificatioos of the 
CO dinudeotide m an oUgooodebtide can reduce the immune 
stinuilation (Zhao et aL, 199<S) and the toxidty of PS-oligo$ in 
mice and rats (Agrawal et aL. 1997a). To mtnimire the toxidty 
proHk of oligo 2 withoiualteritig the oligonucleotide sequence, 
we substituted 2'-0-methylribonudeosides for four deoxynu* 
deotides at bodi die 3'-end and dte 5'-end (oligo 3). This sub- 
stitution provided improvement in duplex afRnity with target 
RNA and also increased nuclease stability (Agrawal. 1996). In 
addition, if the toxidty profde observed following administra- 
tion of oligo 2 is the result of immune stimulation of the OG 
dinudeotide located near the 5'-end of the sequence, substitu- 
tion of 2'-0-methylribonudeo$ide$ for the CG deoxynudeo- 
sides should minimize the immune stimulation effect, thereby 
reducing toxicity. 

Oligo 3 was intravetKNisly administered to CD-I mice at 
doses f 10 or 30 mg/kg daily for 7 days. No adverse effects on 



body weight gain were observed. No statistically significant ef- 
fects in dinical pathology parameters, induding platelet counts, 
serum ALT, AST. blood urea nitrogen (BUN), and creatinine 
(CREA) levels, were observed following iritraveiKMis adminis- 
tration of 10 or 30 mg/kg of oligo 3 (Fig. 1). Mice were sub- 
jected to a limited gross f^ropsy examinatiori of bot>e marrow 
of the femur, liver, kidneys, and spleetL No significant grcns le- 
sions were observed in these organs (data not shown). We also 
evaluated the toxicity of oligo 3 after s u ba tt a n eous or intraperi- 
toneal administratiocL No significant aboormalities in mean 
l^atelet counts or ALT or AST levels were observed. Subcuu- 
neous administration of 10 or 30 tng/kg of oligo 3 resulted in 
minor alterations in BUN and CR£A levels. Decreases of 
71%-76% in BUN levels in mice dutieodved 10 or 30 mg/kg 
dose and an iricrrase of 150% in CREA levds in mice that re- 
ceived 10aig/kgddsewereobaetved(Fig.2). 

The toxidiy profile of oligo 3 is strikingly differeiu finom dut 
of oligo I. aldiough bods oligooudeoddes have the same so- 
quelDoe. This observation supports the hyiibtbeiis diat the toxic- 
ity induced by oligonucleotide is due to the immune stinuila- 
tkw. Oemical modtficatioo of the OG dinudeotide can 
minimize the immune stimulatory efieicts as well as die toxidty 
ofoligonudebtide*(2haoetaL. 1996; S. Agrawal et aL. unpub- 
lished data). The antitumor effects of die chemically modified 
oligo. oligo 3. were maiiitained in a turitbr-bearing nude mice 
modd (data not shown). 
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